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SUMMARY

Basic electrical networks are described that compensate tor the
thermal time lag of thermocouple and resistance thermometer elements
used in combustion research and in the control of jet power plants.

The measurement or the detection of rapid temperature changes by use of
such elements can thereby be improved.

For a given set of operating conditions, networks requiring no
amplifiers can provide a thirtyfold reduction in effective time lag.
This improvement is obtained without attenuation of the voltage signal
but results in a large reduction in the amount of electric power avail-
able because of an increase in the output impedance of the network.
Networks using commercially available amplifiers can provide a thousand-
fold reduction in the effective time lag without attenuation of the
alternating voltage signal or of the available electric power, but the
improvement is often obtained at the expense of loss of the zero- _
frequency signal., The completeness of compensation is limited by the
extent of off-design operation reguired.

INTRODUCT ION

The control of jet engines and the fundamental study of the dynamic
combustion phenomena associated with such power plants involve the meas-
urement of fluctuating gas temperatures. When a thermocouple or resist-
ance thermometer is used as the primary element for such temperature
measurements, the thermal lag of the element, caused by slow rate of
heat transfer between the element and the surrounding gas, limits the
ability of the element to follow such fluctuations. - The thermal lag is
such that, as the frequency of the fluctuations increases, the amplitude
of the fluctuations indicated by the element decreases and also lags in
time behind the true temperature, Sometimes it is possible to use a
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primary element of sufficiently small size to achieve adequately rapid

response. In many cases, however, such small elements have insufficient -
mechanical strength and inadequate service life, so that larger elements

with appreciable lag must be employed.

Since the output of the primary element is an electric voltage,
electrical networks can be used to compensate for the time lag and the
reduction in response amplitude and thereby to permit measurement of
rapidly changing temperatures with improved fidelity. Compensation of
this type, generally involving specially designed amplifiers, has been
the basis of hot-wire anemometry (for example, references 1 to 3).
Such compensation is also provided by the equalizing networks used in
communication engineering.

Some basic networks that can be used individually or in combina-
tions to compensate for the thermal lag of the primary electric ther-
mometer elements used in jet engine operation are described herein. In
those combinations which include amplifiers, the amplifiers are of a
semi-industrial type, available commercially, and capable of extended
use without adjustment or service.

In general, the compensating network is designed to correct for a
given amount of primary-element thermal lag which can be described by
a characteristic "time constant'" of the element. The magnitude of this
time constant is a function of the mechanical design of the element and
of the aerodynamic conditions in which the element is used (reference 4).
Since the compensation employed is generally correct for only one set
of aerodynamic conditions, the effects upon the performance of the com-
pensated system of deviations from the design point must be considered.
If the time constant of the primary element has been determined experi-
mentally at one set of aerodynamic conditions, it is generally possible
to compute the time constant at other sets of aerodynamic conditions
and then to adjust the electrical compensating system for the new set
of conditions.

The nature of the response of the basic primary element and the
principles of electrical lag compensation will first be reviewed herein.
Then, after introduction of the operational terminology of the "transfer
function," several basic types of compensator circuit, both alone and
in combination with amplifiers, will be examined in detail. The next
section will consider the effects of off-design operation on performance.
Finally, the performance of two specific assemblies of apparatus will
be described and their particular fields of usefulness indicated.

In the presentation of compensating circuits, two basic forms of
compensator, the resistance-capacitance (RC) and the resistance-inductance

(RL) types, will first be described, together with one simplification of
the RC type, the differentiating type. These compensators suffer from -
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a deficiency in that the improvement in effective time constant (and
therefore in frequency response) is achieved only at the expense of a
corresponding attenuation of signal. The addition of an amplifier can
correct for this attenuation. The amplifier introduces noise that tends
to mask the signal; however, the addition of a transformer as a pre-
amplifier permits attainment of a more favorable signal-to-noise ratio.
A feedback amplifier can be designed to combine the functions of ampli-
fier and compensator. Finally, there will be described another basic
type of compensating network, the transformer type, that combines the
functions of noise-free amplifier and of compensator.

The analysis and results presented herein constitute a portion of
a temperature measurements research program being conducted at the NACA
Lewis laboratory.
TIME LAG COMPENSATOR NETWORKS
Response of Primary Element
Differential equation of primary-element response., - If a thermo-

couple or a resistance thermometer element i1s subjected to a changing
gas temperature To(t), the time rate of change dTl/dt of the element

temperature Tl(t) is proportional to the temperature difference
(TO - Tl)' This may be expressed (reference 4) as

11 (dT4/dt) = Tg - T1 or Ty (dTy/dt) + T, = T, (1)

where the factor of proportionality T;, the "time constant,” is charac-

teristic of the element, of the gas properties, and of the gas flow
conditions. The value of the time constant completely defines the
response of the element temperature to a changing gas temperature.
(All symbols used herein are defined in appendix A.)

Response to two simple types of gas temperature change. - The
response characteristics of the primary element are visualized most
simply by reference to figure 1, which describes the response to two
types of input change:

(a) The curve of figure 1(a) shows that in response to a sudden
"step change" ATy in gas temperature, the approach of the element

temperature to its new value 1s along an exponential curve and covers
63 percent, 86 percent, 95 percent, and 98 percent of the interval AT,

in time Tqs 2Tl, 5Tl, and 4Tl, respectively.
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(b) In response to a steady sinusoidal variatiocn in gas temperature
of amplitude T, and angular frequency o, the temperature of the pri-

mary element will oscillate with reduced amplitude Ti and will lag in
phase and time, as shown in figure 1(b).

The value of the amplitude ratio Ti/Tb is shown in figure 1i(c)
as a function of the angular frequency w. When o = l/Tl, the ampli-

tude ratio has dropped to l//EZ It 1s customary to term the response
"flat" to the point where w = l/Tl and to term this point the "limit"

of response, or the "cut-off point."

Curves of time lag and phase lag are shown in figure l(d) as a
function of angular frequency. When ® = 1/Ty, the time lag is nTy/4
-and the phase lag is 45°. The time lag is substantially equal to Ty
for Ty < 1.

Response in terms of voltage. - The output emf ej; from a thermo-

couple or from a resistance-thermometer bridge can be represented as
being proportional to the difference between the temperature T of

the primary element and scme reference temperature Tgr such that

ei = Q(Ty - TR) (2)

For a thermocouple, Tgp 1is the "éold—junction" temperature; for a resist-

ance thermometer, Tp is the "reference resistor" temperature. 1In the

case of the thermocouple, Q@ is the thermoelectric power; in the case of
the resistance thermometer, Q is the product of the temperature coeffi-
cient of resistance of the thermometer element, the voltage applied to
the bridge, and a dimensionless function of the bridge circuit resist-
ances.,

A fictitious emf ey will be defined as the equivalent emf that
would be produced by a primary element at a temperature Tg

eg = Ty - TR) (3)
Substituting equations (2) and (3) into equation (1) yields

T, (deq/dt) + eq = eq (4)

2388
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Principles of Electrical Lag Compensation

Electrical lag compensation could be produced if an electrical
network were found that could perform upon the primary element output
signal ey the operations described by the left side of equation (4).

The result so cbtalned would be the voltage ep representative of the
true gas temperature.

A network that approximates the desired operations is shown in
figure 2(a). Suitable choice of the elements R and C can produce a
current through R proportional to the time derivative of input vol-
tage; suitable choice of Rgp can produce an additional direct current

through R proportional to the input voltage; by proper choice of the
constants of proportionality, the total current then flowing through R,
and therefore the voltage across R, can be made approximately propor-
tional to ep, as given by equation (4).

A second network that approximates the desired opefation is shown
in figure Z(b). - Suitable choice of the elements R, Rp, and L can

produce a voltage across L approximately proportional to the time
derivative of input voltage and a voltage across Ry proportional to

the input voltage; by proper choice of the constants of proportionality,
the sum of the voltages across L and Ry can be made approximately

proportional to eq, as given by equation (4).

A third network that approximates the desired operations is shown
in figure 2(c). Suitable choice of the elements Rp, I, and N can

produce a primary current approximately proportional to input voltage
and a secondary emf proportional to the time derivative of primary
current and therefore to the time derivative of input voltage. With
suitable choice of circuit constants, the autotransformer connection
can then produce the summation required by equation (4).

In order to establish a mathematical basis for such compensating
methods and for more complex refinements of the basic principles and to
define the limits of approximation, it is convenient to introduce the
concept of the transfer function.

Operational Terminology and the Transfer Function

Operational terminology. - The response of the simple system repre-
sented by equation (1) to an applied temperature To(t) of arbitrary

form 1s given by
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~t/T -t/ T t
T1 = c€ /m + € / 1'/: /m (To/Tp)at (5) ‘

L

where c¢ is a constant determined by the initial value of T;. How-

ever, 1t is more convenient for purposes of discussion to present the
solution in a symbolic form wherein the symbol p replaces the dif-
ferential operator d( )/dt of equation (1). Then the solution of
equations (1) and (4) can be indicated by

1
=Ty T (6e)
1
g = ———— ¢ (6b)
1 1+ Tlp 0

It can be shown that, as long as p 1s multiplied only by constants,
it may be treated as an algebraic quantity where p represents

a( )/at, p? represents d2( )/dtz, 1/p represents \J‘( Ydt, and so

forth (reference 5). The usefulness of this method of representation
is revealed by noting that (1) linear differential equations of more
complex form than equation (1) can be solved by the operational methods
of Heaviside or Laplace, where the appropriate operator replaces p;
and (2) that when ep 1s represented as a Fourler series

[e+] N
eg = AT - Tg) = n§o B, sin (nwt - 6,) (7)

the soclution of such differential equations is obtained in complex
representation by formally replacing p by Jjw (references 5 to 7).
The amplitude ratio, the time lag, and the phase lag, at each angular
frequency o, are then readily derivable. For the primary element with
characteristic given by equation (6) and input ep gilven by equa-

tion (7), the response e 1is

w ——
— B
pel
e = T: - T = sin (nwt - 6. - 8a
1 Q( 1 O) /. ﬁ n nszT ( n Cpn) ( )
0
where {
®_ = tan~l (mT)) (8b) .
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In order to take advantage of the convenience afforded by the
operational terminology, all systems treated in this report will be
assumed linear.

Definition of transfer function. - The dimensionless ratio of the
output quantity (expressed as a function of p) divided by the input
quantity (also expressed as a function of p) is defined as the transfer
function Y(p) of a system obeying a linear differential equation.

From equation (6) the transfer function of the primary element 1s

Y (p) = “ﬂ%ﬁ (9)

The advantages of expressing the characteristics of systems such
as electrical networks by means of transfer functions are

(a) The equivalent transfer function, and hence the response
characteristics, of a system composed of several elements can be
obtained from the transfer functions of the individual elements by
simple algebraic methods.

(b) The response of a system having a transfer function Y(P) to
an impressed sinusoidal voltage E sin (ot-@) is [E sin (wt-0)] Y(jw),
where Jw. has been substituted for the operator p.

Transfer function of cascaded system. - When several elements are .
joined in cascade as in figure 3(a), that is, when the output of one
element is fed into the input of the adjacent element, the resultant
transfer function is the product of the transfer functions of the indi-
vidual elements. If this product is a constant, one transfer function
is said to be the inverse of the others.

As an example, if the primary element output e given by equa-
tion (Gb) is applied to an electric network whose transfer function is

Y, (p) = (1/Agc)(1+T1p) (10)

where Ay, 1s a constant (representing the attenuation at zero fre-
quency), the resultant product Yl(p) Y,(p) will be equal to 1/A4c,
and the output e, will be proportional to the fictitious emf eg and
hence to the applied temperature Tj. Therefore, at all frequencies at

which changes in Ty may occur,

ey = (1/Ag0)e0 (11)
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Networks that have transfer functions inverse to the primary ele-
ment over a limited frequency range will be described under Compensating -
Circuits. These networks, in their working region, have the transfer
function of equation (10).

Iransfer functlon of additive system. - If the outputs of several
networks which have a common input are added as shown in figure 3(b),
the resultant transfer function is equal to the sum of the transfer
functions of the individual networks.

2388

Combination of cascaded and additive systems. - As an example, the
arrangement of networks shown in figure 3(c), with the transfer functions
of the various networks as shown in the figure, yields an output emf es

equal to the input emf eq.

Compensating Circuits

Terminology. - In following paragraphs, various compensating systems
will be treated. These systems will generally consist of basic com-
ponents conveniently designated transformers, amplifiers, compensators, .
and so on. The terminology is clarified by the block diagram of fig-
ure 4 which shows the most common combination of components and the sub-
scripts assigned to the components, to the potential differences at -
their terminals, and to the constants by which they are characterized.
In this figure, the term "compensator" has been assigned to that com-
ponent the chief function of which is to correct for the reduction in
response amplitude of the primary element with increasing frequency of
the applied temperature variation. Unless specifically indicated other-
wise, the terminoclogy of figure 4 will apply to material presented in
subsequent paragraphs of this discussion of compensating circuits.

A compensating system (including one consisting of a single com-
ponent) will be characterized chiefly by two parameters: The frequency-
response improvement factor F 1s equal to the ratio of the upper cut-
off frequency of the compensated system to the upper cut-off frequency
of the uncompensated primary element; the over-all gain factor G is
equal to the ratio of the voltage output of the system (as it appears
at the detector input terminals) in the region of flat frequency response
to the equivalent electric input signal eg to the primary element.

RC and RL compensating circuits without amplifier. - Two basic net-
works which approximate the characteristic defined by equation (10) are
shown in figures 2(a) and 2(b). The transfer function of these compen-
sators in the idealized case of negligible source impedance and load %
admittance is
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14T, ‘
Y4(P) = (%) iIFF;%?TE (12a)

where T, and r are defined in figure 2. The value of 1Y, (Jw)|  is
shown in figure 2(d). For the condition T, = Tq, where the compensator
time constant T, 1s equal to the primary element time constant Tq,
the product ¥4(p) Y¥1(p), which describes the performance of a system

consisting of the primary element plus compensator in cascade, is

Y, (p) ¥1(p) =<%> o = (13)

Térp

This equation represents a linear first-order system, with the effective
time constant reduced by a factor of r from the value of T, for the

primary element alone. For this idealized system, F =r and G = l/r.
The system has the following additional characteristics:

(a) The response to a steady sinusoidal input Eg sin wt is a sine

wave of amplitude ‘EO/ T Jl + @? (Té/r)2 and phase lag tan~t (wT4/r).

This response 1s shown in figures 5(a) and 5(b). The range of "flat"
response is extended by a factor F = r over that of a simple primary
element. The attenuation of a zero frequency signal is A4, = l/G = r.

(b) The amount r by which the frequency response can be improved
is limited by the amount of amplitude attenuation that can be tolerated.

(¢) The response to an impressed step change of magnitude Aegp 1is
described by an exponential curve having a time constant Tl/r and a

magnitude of change Aep/r (fig. 5(c)). Consequently, the improvement

in time constant is accomplished at the expense of a corresponding
reduction in amplitude Aeyq of the output signal.

(d) The maximum value of time constant which can be compensated is
determined by the components of the compensator. For the compensator
of figure 2(a), the RC network, the maximum value of RpC offers no
practical limitation in the applications generally encountered. In the
case of the RL network of figure 2(b), the maximum possible value
L/RL min ©Of the time constant (where Ry, pin 18 the resistance of the

) 2

inductor) is usually a function of the weight of the inductor. For com-
mercially available inductors, a value of L/RL,min of 0.05 second 1s

typical for a weight of 1 pound and the time constant increases approxi-
mately as the square root of the weight of the inductor.
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(e) The output impedance of the network varies with frequency. TFor
the RC network of figure 2(a), the output impedance has a maximum value -
of approximately R at zero frequency and approaches the resistance of
the primary element at very high frequencies. The output impedance of
the RL network of figure 2(b) has a minimum value of approximately Ry

at zero frequency and approaches R at very high frequencies.

Effect of loading on RC and RL compensators. - The transfer func-
tion given in equation (12) is derived for the conditions of a source
of negligible impedance and a load of negligible admittance. If a com-
pensator of ‘the type of figure 2(a) or of figure 2(b) is connected to a
source of resistance Ry and to a load of resistance R) (fig. 6), the
effect is to change the form of the transfer function. Although the
value of T, is unchanged in all cases, the factor by which the d-c.
signal is attenuated is no longer equal to r, nor does r any longer
represent the factor by which the frequency response is extended when
the compensator is connected to a primary element of time constant
Tp = T4. Under the condition of nonzero source resistance and finite

load resistance, the gain factor of the combination of compensator and
primary element will be denoted G4 and the factor by which the fre-

quency response is extended will be denoted Fg. The transfer function ®
is
1+7 4P

Y =G 12b
4(P) 4 EIZTZ7FZT§ ( )

as compared with equation (lZa) for the idealized case. The changes in
the quantities (1/G4) and F4 are given in table I. The effect of

adding a source resistance Ry and a load resistance R) may be sum-
marized as follows:

(a) For the RC compensator of figure 6(a), the effect of keeping
Ry = O and making R) finite is to decrease Gg and to increase Fy

in the same proportion. The effect of keeping Ry infinite and making
Ry > O 1is to decrease both G, and F4.

(b) For the RL compensator of figure 6(b), the effect of keeping
Ry = 0 and making R; finite is to decrease both Gy and F,u. The
effect of keeping Ry -infinite and making Rg> O 1is to decrease G4
and to increase F, 1in the same proportion.

(c) The combined effect for both the RC and the RL compensators of %
making Rg> O and R, finite is to decrease both. G4 and the product

FyGy, so that the attenuation is increased without a proportionate

- increase in frequency response improvement factor. The relations
between G, and F, are, for the RC compensator,

_8BREZ. .
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1+p
Fy = o (14)
a7 Pc
where
Ry
p T e
C R
For the RL compensator,
F Lt AL (15)
- 4 G4 + pp,
where
-
PL T Ry,

RC differentiating circuit used as compensator. - A simplified
case of the RC compensator of figure 2(a) is obtained when the capacitor
shunt resistor Rp is infinite. The resulting transfer function 1s

74'p
Yu(p) = ijjti;ﬁ5 (16)
where T,' = RC. This network is usually known as a differentiating cir-

cuit since the differentiating function is performed for the range of
frequencies in which wT4'< 1. This network is also effective in com-
pensating for the response of a primary element in the high-frequency
region where Ty > 1, provided that T4' is chosen so that wT,'< 1.

It will be noted that T,' is no longer chosen equal to Ty. The

increase in the upper frequency limit is F = Tl/T4' and this factor

also describes the reduction l/G in signal amplitude for the operating
range. The differentiating circuit will not pass the average value of
the signal and therefore is useful only for measuring the alternating
components of the gas temperature in the frequency range

(<ol

RC and RL compensating circuits with amplifiers. - The compensating
circuits just described are defective in that, although the effective
time constant is reduced by a factor F (and the frequency range is
correspondingly extended by the same factor), the amplitude of any
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applied signal is attenuated by a factor L/G that i1s equal to or
greater than F. This defect can be remedied by the addition of an
amplifier. If an amplifier the transfer function of which is Y4(p)
is added to the circuit after the primary element, as in figure 7, the
resultant transfer function of the system will be equal to the product
Yu(p) Y3z(p) Yi(p). The response of the system is described for

several possible conditions:

(a) If the amplifier is a distortionless d-c. amplifier (that is,
one which has a flat frequency response and linear phase shift from
zero frequency up to the maximum frequency where compensation is to be
achieved), the effects of the amplifier are an increase in the signal
voltage equal to the voltage amplification factor pz of the amplifier,

a constant shift in time, and the introduction of a certain noise vol-
tage. The magnitude of the time shift is negligible in most practical
applications involving temperature measurement; the problem of noise
is discussed in the section Amplifier noise. The transfer function of
the amplifier-compensator combination is

1+ Typ

Y, (p) Y (p) = usG, ii??;7f;7‘ (17)

For this system, F = F4 and G = pzGy.

(b) If the amplifier has a high-frequency cut-off point (the point
at which the amplification factor is reduced by a factor l//é) at

@D = ﬂ)S’b such that

H3

Yz(p) = I;Eﬁgg;; (18)

where Mg is the voltage gain in the region of flat response, then for

the condition T4 = Ty, the frequency response of the system correspond-
ing to the transfer function Y,(p) Yz(p) Y;(p) has the appearance
shown in figures 8(a) and 8(b). When Wz 3, = F,/T,, the high-frequency
cut-of f point is reduced to 64 percent of the value for wS p = The
response of the system to a step change is shown in figure 8( The
effective time constant, which will be defined as the time requlred for
the output to reach 63 percent of the total change for a step input, is
approximately equal to 74/F4 + l/ms,b. Correspondingly, the approxi-

-1
mate value of F 1is <;l L > and the value of G remains

+ ———
F o Tz y
H5G4: .
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(c) If the amplifier has a low- -frequency cut-off point at w3 g
(the point at which the amplification factor is reduced by a factor
1//2) such that

uzp/w
Yz(p) = %(%:: (19)

where pz 1is the voltage gain in the region of flat response, then for
the condition T, = T the frequency response of the system, corres-

ponding to the transfer function Y,(p) Yz(p) Y;(p), has the appear-

ance of figures 9(a) and 9(b). For a step change, since the system
does not pass the average value of the signal, the output ultimately
drops to zero, as shown in figure 9(c). Figure 9(d) describes the maxi-
mum value attained in response to a step change and the time to reach
this maximum value for various values of wS,a‘ For this systen,

= F4: and G = |J.3G4:.

(&) If the amplifier has both low- and high-frequency cut-off, its
transfer function is

uSP/ 3,a 1

20
1+p/a>3 a l+p/a>3 b (20)

- Yz(p) =

and its frequency response is a composite of the responses shown in
figures 8(a), 8(b), 9(a), and 9(b).

In the circuit shown in figure 7, the signal applied to the ampli-~
fier varies widely in amplitude as the frequency changes, and an impor-
tant requirement imposed on any of the simple amplifiers considered is
that the amplification factor remain constant over the range of ampli-
fier input voltages delivered by the primary element throughout the
usable frequency band. Thus, if compensation is to be obtained up to
a frequency that is 1000 times the cut-off frequency of the uncompen-
sated primary element, the amplifier must provide constant gain uz

over a 1000 to 1 input voltage range. If it is found that the ampli-
filer cannot operate over the required range of input voltage, the posi-
tions of the compensator and the amplifier can be interchanged as shown
in figure 10. This arrangement results in a constant input voltage
amplitude at a much lower level. However, such an alternate arrangement
often aggravates the problems of noise and of impedance matching.

It is often desirable to utilize a-c. amplifiers rather than d-c.
amplifiers in order to gain advantages in freedom from drift. In such
cases, response down to zero frequency may be retained by use of one of
the techniques described later.
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Amplifier noise. - If a vacuum-tube amplifier has its input ter-
minals connected to an external source, which can be represented by a
zero-impedance generator in series with an external impedance, and if
the external source emf is reduced to zero, a certain random voltage
will nevertheless exist at the output terminals of the amplifier. In
the temperature measuring circults considered, this voltage, called the
noise voltage, is caused almost entirely by the vacuum tubes of the
first stage since the thermal-agitation noise (Johnson noise) of
the low impedance primary element is generally of negligible mag-
nitude, and since hum pickup in the leads and components can gen-
erally be reduced to negligible proportions by the use of twisted
leads and careful electrostatic and magnetic shielding. The tube-noise
voltage is made up of components of a very large range of frequencies,
is proportional to the square root of the frequency pass band of the
amplifier, and is therefore reduced by limiting the pass band.

The noise voltage ES,N which exists at the amplifier output can
be referred to the input by dividing by the amplifier gain pz. This
fictitious voltage EZ,N is called the equivalent input noise voltage
of the amplifier. The noise also appears at the compensator output as
a voltage Eé,N' For the RC or RL compensator previously considered,
Eé,N is less than ES,N since the compensator always attenuates the
signal, with greater attenuation at the lower frequencies. The actual
magnitude of E4,N will therefore depend on the frequency spectrum of
the noise, on the response characteristics of the compensator, and on
the high-frequency cut-off point of the system., The ratio of the root-
mean-square value EnG of the signal voltage appearing at the output
of the compensator to the root-mean-square value E4,N of the noise
voltage is called the signal-to-noise ratio o4. The smallest allowable

signal-to-noise ratio depends on the application. A signal-to-noise
ratio of 3 is often adequate.

The amplifier noise voltage, the smallest allowable signal-to-noise
ratio, and the amount by which it is desired to extend the frequency
response determine the minimum signal EO min ‘that can be detected,
corresponding to a temperature sen81b111ty (smallest detectable signal)
TO,mln’ in conformance with the relation between F and G and the

relation

E c
4,74
EQ,min = 5 — (21a)
Since the compensator extension of the frequency range by a factor F
is associated with a corresponding attenuation l/G of the signal from
the primary element, the input noise voltage of the amplifier limits the
frequency band width possible for a given minimum signal.

2388



3G

88¢2

NACA TN 2703 15

For an RC or RL type compensator connected between an amplifier of
very low output resistance .and a very high resistance locad, equa-
ticn (2la) can be written

Ey4 3 OF
4,8%
Eo,min = T = F2,n0F

(21p)

Transformer used as preamplifier, - The restriction imposed by
equation (21) seriously limits the band width that can be achieved by
the use of commercially available amplifiers, which have a rather high
input noise level. If the application permits, the band width can be
extended considerably by the use of a high quality step-up transformer
to increase the voltage level of the signal without a corresponding
increase in noise (fig. 11). The improvement is generally accomplished
at the expense of loss of the d-c. response (unless special techniques
described in a later section are employed); the effect is the same as
that shown in figure 9 for an amplifier with low-frequency cut-off.

A voltage gain up to 140 is attainable with commercially available
transformers. The minimum signal EQ,min that can be detected is given

by equation (2la), and for the RC or RL type compensator can be written

_ E4:,N04:F EZ,NUA_-F
Eo,min = =
? Hokz M2

(21c)

where po 1s the transformer voltage gain (equal to the ratio of trans-
former output voltage to primary element ocutput emf el) and is equal
to the turns ratio N when the transformer is not appreciably loaded
by the amplifier and the primary element is of negligible resistance.
For illustration, the minimum root-mean-square voltage EO,min and the
corresponding temperature sensibility To mjn That are obtained at a
signal-to-noise ratio o4 = 3 are given in table II for various values

of frequency-response Improvement fagtor F, transformer voltage gain
Mo, and noise voltage EZ,N’

Certain relations must exist between the impedanceés of the primary
element, the transformer, and the amplifier in order that the improve-
ment represented by equation (2lc) shall be appreciable. The impedance
of the primary element must be low compared with the input impedance
of the amplifier in order to obtain full advantage of the insertion of
a transformer having a high turns ratio. The general equation for the
gain of a transformer connected to its source and load resistances is
derived in appendix B and is given by
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= = N
L () e ()]

For a given primary element resistance R} and a given amplifier input
resistance R3)2, maximum voltage gain will be achlieved when a trans-

(22a)

former is selected having rated primary and secondary impedances equal
to Ry and R5’2, respectively. The galn will then be given approxi-

mately by
1 N
Mo max = 7 {B5,2/F1 = 3 (22p)

where N is the transformer turns ratio. Conversely, for any given
transformer the voltage gain can be made to approach N if the primary
element resistance is made low compared with the rated primary impedance
of the transformer and if the amplifier input resistance is made large
compared with the rated secondary impedance of the transformer. For

the system shown in figure 11, F =F, and G = psuzGy.

Techniques for maintaining d-c. response. - When an a-c. amplifier
is used, or when a transformer is used as a preamplifier to match the
primary element resistance to the amplifier input resistance, the
resulting loss of d-c. response may be restored by the use of one of the
circuits shown in figure 12. Figure 12(a) shows the combination of a
pailr of synchronous choppers before and after an a-c. amplifier, with
the matching transformer relocated to a position immediately after the
input chopper. In this case, the frequency band width may be limited
by the chopper frequency used and by any necessary filtering. Fig-
ure 12(b) shows how the d-c. emf from a second primary element may be
injected in series with the output from the compensator. The circuit
of figure 12(b) involves the application of the additive network theorem
stated earlier.

Negative feedback amplifier., - It is possible to combine the ampli-
fier and compensator functions by inserting into the amplifier a feed-
back loop the transfer function B(p) of which is of the same form as
that of the primary element (fig. 13). Here

1

B(p) = Bae i;;;ﬁ (23)

where B3, is the d-c. feedback factor. Negative feedback is obtained
if Bge 1is a negative quantity. The gain of the amplifier with feed-
back is then given by (reference 8)

Qecy
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b3
Y = 24
34(P) E:EEECEY (24)
which is equal to
1+Typ

Yz, (p) = uzlzy i;(;;7§gzy5 (25)

where
1/Gz = Fzg = 1 - Bachs

Equation (25) is of the same form as equation (17), and the previous
comments on response apply.

The input voltage to the amplifier is

1 14T 40

eOG34 1+Tp l+(74/F54)p (26)

and therefore, for the condition T, = Ty, the input is constant over

the frequency range O = o ,,<__F34/’l'4 in which compensation is to be

achieved. Consequently, this type of amplifier is not required to
operate over a large range of input voltage.

Transformer used as compensator. - The transformer-type compensator
also combines the functions of voltage amplifier and compensator. The
transfer function of a simple transformer connected to source and load
resistances, as shown in figure 14(a), is derived in appendix B on the
assumption that capacitance and iron loss effects can be neglected., The
transfer function when this transformer is connected as an autotrans-
former, as shown in figure 14(b), is derived in appendix C.

In the idealized case where the source resistance is negligible
compared with the transformer primary circuit resistance and no current
is drawn from the transformer secondary, the transfer function of the
autotransformer is

Yz, (p) = _tTap (27)

T4
]'*'<KH1>P
The value of Y34(jw), as a function of frequency, is shown in
figure 2(e). The transfer function and the response characteristics
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are of the same form as those of the RC or RL compensators of fig-
ures 2(a) and 2(b) (see fig. 5) except that the output voltage is of
the same magnitude .as the input voltage rather than being attenuated
by the frequency response improvement factor. The time constant T4
is

(N+1)Lq

) (262)

where N, L, and Rp are the transformer turns ratio, primary induc-

tance, and primary resistance, respectively. The time constant is
reduced by adding external resistance Rp' in series with the trans-

former primary.

It is to be noted that the transformer is not being used in the
region of its flat frequency response, as in customary transformer
applications. Instead, the transformer is used below its nominal "low-
frequency cut-off point," in a region of rising frequency response. This
region is deliberately extended by insertion of additional resistance

RP' until the time constant T, is equal to the primary time constant

Tl. The maximum time constant that can be compensated for is
(N+1)L1/RP. In the idealized condition, the maximum freguency response

improvement factor obtainable is N+l and the gain is unity.

Effect of loading on transformer-type compensator connected to
single primary element. - When the transformer is comnected to a source
resistance Ry and to a load resistance Rj, the factors Fzy and Gzy

are
(147 M+roN)
and
Ry Rg Ry -1
Gezy = <1+————;-><l+——>+— (28c)
34 { Rp+Rp Ry Ry

where o, ¥y, and Yo - are functions of the circuit resistances and are

given by
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Rl RS+R}\
~ RptRp' Ry+Rg+R),

a (284)

2Ry

T1 = (Ry+RgRN) (28¢)

( R1+RP+RP ! )

= 28f)
T2 = TR+RgRy) (

The time constant T4 1s unchanged by variations in source and load
resistances and retains the value given by equation (28a).

The effect of a nonzero source resistance is to increase the fre-
quency response improvement factor Fzy and to decrease the gain

factor Gzq 1in the same proportion. The effect of a finite load
resistance is to decrease both F34 and Gzy4. The effect of making
Ry > 0 and R) finite is to decrease both Gz4 and the product
Fz4Gz4, so that the attenuation is increased without a proportiocnate
increase in frequency response improvement factor. The requirement
that 'RxH>N2(Rl+Rp+Rp‘) imposes a severe limitation on the usefulness

of the transformer-type compensator because the output power available
becomes very small.

The characteristics of various transformers usable as compensators
are listed in table III. Table IV gives, for compensators using these
transformers and for various time constants T4, primary-element resist-

ances R; and load resistances Ry, values of frequency-response

improvement factor Fzs, the gain factor Gz4, and the transconductance
834 representing the current through the load resistance per unit

input emf.

Effect of loading on transformer-type compensator connected to two
primary elements. - The attenuation of the primary element output due
to the loading effect of the transformer primary can be eliminated by
using two primary elements connected additively as shown in figure 14(c).
Two adjacent primary elements of the same time constant are used to
obtain the following relations:

(N+l)Ll
Ty = (29a)
4 = (R+Rp*Rp")
N+ 1
F = (29b)
34 N2(Ry+Rp+Rp')

1+
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R
G3q = Ry "+Rg+R), (29¢)
Table V gives, for various transformers, time constants T4,
primary-element resistances Rj and load resistances R, the values of
the frequency-response improvement factor Fzy, the gain factor Gzg,

and the transconductance gzg representing the current through the load
resistance per unit input emf.

Summary of Compensating Systems

The various types of compensating element are summarized in
table VI, and their more likely combinations are summarized in
table VII, under certain idealized conditions noted in the tables. For
various elements, table VI gives the design constants, the trausfer
function, the frequency-response amplitude ratio iY(jw)l, the lower
frequency limit wa} and the upper frequency limit (to be compared
with the upper frequency limit 1/Tl of the primary element alcne) .
For various arrangements of elements, table VII gives the resultant
transfer function, the frequency-response amplitude ratio [Y(jw)l, the
frequency-response improvement factor F, the lower and upper frequency
limits wy; and yp, and the gas temperature equivalent electric signal

EO,min that yields a signal-to-noise ratio o, of unity.

Off-Design Performance

In the previous sections the response characteristics of various
compensating systems and of their components have been presented prin-
cipally for those design conditions that provide best compensation.
Deviations from these design conditions will be discussed herein for
some of the simpler systems.

Mismatch between time constants of element and compensator. - Since
the value of the time constant of the primary element is a function of
the velocity and the density (or, equivalently, Mach number and static
pressure) of the gas stream in which the element is being used (refer-
ence 4), the knowledge of the time constant is subject to some uncer-
tainty. In addition, it is not always practical to make the necessary
adjustments in the compensating system for a changed value of primary
element time constant such as may arise when the element is replaced
or when the operating conditions are altered. In practice, therefore,
a certain amount of mismatch may exist between the primary element time
constant and the time constant setting of the compensator. The effect
of this mismatch is to destroy the flatness of the frequency response

88¢2
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curve over the full normal range of compensation, although the flatness
may be retained over a limited frequency range. If the primary element
time constant drops below the compensator time constant, higher fre-
quencies are amplified more than their normal amount; if the primary
element time constant rises above the compensator time constant, higher
frequencies are amplified less than their normal amount. An examina-
tion of the transfer function product Yl(p) Yé(p) " will provide a

measure of the effects of a mismatch wherein T4 # T,.

For a compensating system (fig. 6) having the transfer function

l+T4p

4(p) = G4 -:T;Z7FZT§ (30)

and connected to an element having a time constant Tp, the frequency-
response amplitude ratio |Y4(Jjw) Y;(Jw)| is shown in figure 15(a)
for various wvalues of 74/Tl, various values of TFy, and for F,G,

assumed equal to unity. Figure 15(b) shows the response to a step input.
For very large values of F,, the height of the initial rapid rise is

proportional to the ratio T /Tl; the remainder of the change is

described by a curve that 1is approx1mately exponential in form with a
time constant Tq.

For circult elements (figs. 13 and 14) having a transfer function
of the form

l+T4p

Yz, (p) = nzGzy W (31)

or

l+T4p

Y34(P) = Gzy i:(;;7fg275 E (32)

the ordinate of figure 15(a) must be multiplied by bzGz,F, and that of
figure 15(b), by Gz,Fy.

v Effect of ambient temperature on transformer-type compensator. - In
certain applications, one of which will be discussed under Example 2 of
APPIICATIONS, the average level of the temperature signal from the pri-
mary element must be measured accurately with a potentiometer or equiva-
lent indicator of very high input resistance while the same element is
connected to a transformer-type compensator of the autotransformer kind
shown in figure 14(b).
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There then exists an error in average-value indication because the
thermocouple, of resistance R;, is loaded by the resilstance RP + Rp'
and because the transformer primary resistance RP’ being of copper,

changes with the temperature of the transformer. The average correction
to be applied to all indications is then

e1' R
e - e = ﬁg%axﬁir (33)
where
eq output emf from thermocouple
ey’ voltage measured by potentiometer

Rp,o resistance of transformer primary at average operating tempera-
ture Ty

The fractional error Ael'/el' to be expectéd in the indication ey

because of a change ATo in the transformer temperature is

Aey' R1Bp 0 |
e’ ag AT, (Rl+Rp'+RP’O)(RP'+RP’O) (34)

where ag is the temperature coefficient of resistance of Rp at tem~-
perature Ty (o = 0.0022/°F for copper at 68° F).

Tt is seen that the error is approximately proportional to the ele-
ment resistance Rj. Therefore it is important to keep this resistance
as low as possible by the use of short low-resistance connecting leads. -
Table VITII shows the magnitude of error due to transformer temperature
change that might be expected for various values of element resistance
and of time constant setting for various transformers. The larger
transformers have smaller errors.

APPLICATIONS

A specific problem of temperature measurement is generally treated
by first establishing a tentative set of performance specifications,
such as the sensibility Eg pip (minimum signal to be detected) cor-

responding to the desired temperature sensibility TO,min’ the allowable

~
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signal-to-noise ratio o, and the frequency range to be covered (between
cut-off points ®_, and ab). Next 1t must be determined whether there

exists a suitable combination of circuit elements, preferably as repre-
sented by commercially available equipment, that will approach the ten-
tative specifications. Finally, there is the practical engineering
problem of reproducing the combination selected in appropriate physical
form to meet requirements of ruggedness, freedom from maintenance,
ability to operate over a wide range of ambient temperature and of power
supply voltage, long service life, compactness, and low weight. Par-
ticularly severe requirements may force the development of special ampli-
fiers rather than allow the use of standard commercial equipment.

If control, as well as measurement, is to be performed by the
apparatus, the dynamic characteristics of the control elements and of
the process to be controlled, as represented (if they are linear) by
their respective transfer functions, must also be considered. In such
situations, it is conceivable that it may be not only permissible for
the temperature signal to be overcompensated, but also very desirable.

Although the exact design of a complete compensating system will
be determined by all the factors considered in this report, the follow-
ing general statements will aid in the preliminary decision on the most
promising line of attack:

(1) In general, the use of a transformer of high-quality, multiple-
shielded, hum-bucking construction will be a valuable aid in improving
the signal-to-noise ratio. Unless the transformer is used also as a
compensator, the improvement in signal-to-noise ratio is accomplished
at the expense of loss of d-c. response.

(2) The attainable frequency response improvement may be limited
by the product of detector sensibility and over-all gain of the system.

(3) When an amplifier is used, the attainable frequency response
may be limited by the equivalent input noise of the amplifier.

(4) Transformer-type compensators using typical transformers such
as those listed in table III will not allow frequency response improve-
ment factors much greater than 50,

(5) The potential performance of an RL or a transformer-type com-
pensator may be seriously restricted if the element is called upon to
feed a load resistance that is low compared with the output impedance

of the compensator.

(6) The highest time constant that can be compensated by a
transformer-type compensator is determined by the product of primary
time constant and turns ratio and is of the order of several seconds.
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(7) The highest time constant that can be compensated by an RL com-
pensator is of the order of a few tenths of a second; the frequency
response improvement attainable may be limited by resonances or other
nonlinearities of the inductor.

(8) The highest time constant that can be compensated for and the
frequency response improvement attainable are not limited by any
intrinsic qualities of the RC compensator.

Figure 16 shows three types of compensator constructed for use at
the Lewis laboratory.

The following discussion will indicate the performance that may be
expected from two representative combinations of apparatus that lend
themselves, respectively, to (1) the indication of the alternating com-
ponent of a temperature signal (Example 1, using an RC compensator);
and (2) the indication of the average value as well as the alternating
component of a temperature signal (Example 2, using a transformer-type
compensator). Both examples given are characterized by the fact that
most of the components used are standard commercial ones. Both exam-
ples employ a transformer as a valuable ald in improving the signal-to-
noise ratio. In the first example, the transformer is used to match
the low impedance of the primary element to the higher impedance of the
amplifier, thus raising the signal level; in the second example, the
transformer is used as a compensator that does not greatly attenuate the
signal as the RC or RL compensators do. '

Example 1. - For the assembly of apparatus represented by the block

diagram of figure 17(a), the over-all gain factor is

G = IYl(jw) Yg(Jw) Yg(jw) Y4(Jw)| = M2H3G4 (35)

and the frequency response improvement factor is F = Fy, as gilven in
table I.

A From equation (2la) and the fact that Ey,NSEp yHz, the minimum
signal that can be detected is either

o - By w0  B2,1%
O,min — G T Gy

(36a)
or

(36Db)

- RRCo
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whichever of the two equations yields the greater value. Equation (36a)
represents the limitation imposed by noise; equation (36b) represents
the limitation imposed by detector semsibility. In equation (36), the
important quantities are

Eo,min
Ea,N

o4

M3

sensibility of electric equivalent of temperature signal
equivalent input nolse voltage of amplifier

allowable signal-to-noise ratio at detector

over-all gain factor

gain factor for combination of primary element and compensator,
as given in table I

input voltage sensibility of detector
transformer voltage gain, as given by equation (B5Sb)

amplifier voltage gain in region of flat response

For the group of apparatus shown in figure 17(b), the following
constants apply:

Primery element (thermocouple)

Time constant, Ty, S€C ¢ + o v o ¢« v v o v o o 0 0 v e e e e 0.1
Electric resistance, Ry, ohms . . « . « « ¢« ¢« ¢ v o ¢« o o+ + o 1.0
Thermoelectric power, @, microvolts/OF . . + « « « v ¢ v o o o o 22
Transformer
Nominal primary impedance (manufacturer's value), ohms . . . . 2.5
Nominal secondary impedance (manufacturer's value), ohms . . . 50,000
Turns ratio, N . . . . . . . . e e e e e e e e e s e e 140
Low-frequency limit for 1 db drop in uo
(manufacturer's value), cps - .. e C e e e 20
Low-frequency cut-off (based on manufacturer 5 low frequency
- limit), Wy, g5 S€CT . e e e 62
High-~ frequency 1imit for 1 db change in “2
(manufacturer's value), cps . . - e e e e e+« .« . 20,000
D-c. resistance of primary winding, Rp, ohms e e e e e e e e 0.7

Maximum unbalanced direct current for 1.5 db drop in g
(manufacturer's value), milliamp . « & « o & o o o & o o o & 5
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Compensator: RC type, time constant Ty4

Amplifier

Input impedance, RS,Z’ OhME & v v ¢ v v o ¢ 4 s 2 s o s« o a 106 3
Output impedance, R3)3, ONMS & & 4 & & v o o « o ¢ o o o o & 1500 ;g
Voltage gain in region of flat response, Mz « « « « « + « o+ . 100 S
Low-frequency limit for 2 percent drop in U3 ‘

(manufacturer's value), cps .« . . . e e e 10
Low-frequency cut-off (based on manufacturer s low frequency

limit), w3 ,a, SEC” -l s e e e 13
High-frequency limit for 2 percent change in Hz

(manufacturer's value), cps - « - « « . . « « .« 100,000

High-frequency cut-off with 0.02 mlcrofarad shunt across
output, for noise reduction (wS,b = 31,000), CPS o« « + o 5000

Noise level EZ,N referred to input when output is shunted
by 0.02 microfarad condenser, millivolts. . . . . « « « . . 0.01

Detector (cathode-ray oscilloscope) .

Input impedance, Rg, ohms . « & & o o ¢ o ¢ ¢ 0 0 o o o o o o 2x106
Sensitivity, Sg, in. deflection/millivolt e+ e s s s e s s s s 0.03
Sensibility, 85, millivolt Input . . . ¢« ¢« ¢ ¢ o 0o o000 0.6

(The detector sensibility g is determined not only by oscillo-

scope characteristics, such as sharpness of focus and sensitivity, but
also by the method of reading the deflections. The stated sensibility
is based on the fact that the oscilloscope pattern will be photographed
and read to the equivalent of 0.02 in. deflection on the oscilloscope
screen. )

In this tabulation of apparatus, all components have been specified
except the components R, Rn, and C of the compensator. For the

design condition, T{ = T, = 0,1 second and for a signal-to-noise ratio
gy = 3, table IX lists the sensibilities Eq p., and To,min(:Eo’min/Q),
the sensitivity S, and the upper frequency limit f4,b for varilous
combinations of R, Ry, and C. The method used to compute the data

in table IX was (a) to assume various values of G4 and to insert these

values into equation (36) for computation of the sensibilities; (b) to
assume various combinations of Ry and C, such that RrC = 0.1 second -

and then, using the same values of Gy as in step (a), to compute R
and then F, from table I; and (c) to compute
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Wy p Ty
—_ 2 —_
fap =3¢ = 2nTy (37)

S = BgGyuouzQ (38)

As shown in table IX, the amplifier noise, rather than the detector sen-
sibility, limits the minimum signal which can be detected.

Using the values of S = 1 inch per 100° F, Rg = 100 megohms,

C = 0.001 microfarad, R = 118,000 ohms, and fé,b = 1430 cycles per
second, a minimum signal of 99 F can be detected over a frequency range
of about 10 to 1400 cycles per second. Figure 17(c) shows the computed
frequency response curves based upon manufacturer's values for the
transformer and amplifier constants and the computed effect of varia-
tions in the thermocouple time constant T;. Experimental data points

taken to check. the computation are also shown in figure 17(c). The
experimental points show that the manufacturer's statements of low-
frequency cut-off points were conservative. The experimental data were
obtained by using the analog circuit of figure l7(d) to simulate the
thermocouple.

Since the resistances of both the primary element and the trans-
former primary winding are low (1 and 0.8 ohm, respectively), the net
d-c. open-circuit output emf in the thermocouple circuit must be limited
to 8.5 millivolts to avoid exceeding the transformer primary saturation
current. Therefore, for temperature differences exceeding 380° F, a
bucking circuit of the type shown in figure 17(e) would have to be used
to suppress the average values of emf. The suppression of excessive
direct current through the transformer primary could also be accom-
plished by use of the circuit of figure 17(f). The circuit of fig-
ure 17(f) is usable only at higher frequencies where the highest
available size of capacitor can provide an impedance that is low com-
pared with the transformer primary impedance.

The circuits of figures 17(e) and 17(f) would be equally appli-
cable if the primary element were a temperature-sensitive resistor,
such as a straight length of wire with current and potential leads.

The insertion of a l-ohm resistance in series with the primary ele-
ment would also serve to limit the transformer primary current at the
expense of a loss in gain and a moderate increase in the lower cut-off
frequency.

Example 2. - For the assembly of apparatus represented by the block
diagram of figure 18(a), the time constant, frequency response improve-
ment factor, and over-all gain factor are given by equation (28).
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Since noise due to hum pickup can be made negligible by careful
shielding and use of a high-quality multiple-shielded transformer, the
minimum detectable signal will be determined by the detector -sensibility.

For the group of apparatus shown in figure 18(b), the following
constants apply:

Primary element (thermocouple)

Time constant, Ty, S€C ¢ « ¢« & o « o ¢ ¢ & ¢ o s « ¢ o o o o« o+ 1.0
Electric resistance, Ry, ohms . . o o ¢ ¢ v o ¢ ¢ o ¢ ¢ o o o 1.0
Thermoelectric power, Q, microvolts/F . . . . . ¢« ¢« & ¢« ¢« « « . 22

Compensator (transformer type)

Nominal primary impedance (manufacturer's value), ohms . . . . 50
Nominal secondary impedance (manufacturer's value), omms . . .100,000
D-c. resistance of primary winding, Rp, ohms . + « &« & « ¢« o . 6
D~c. resistance of secondary winding, Rg, ohms . . . . « + . & 7000
Turns ratio, W o« v & ¢ ¢ ¢ 4 o s ¢« o o o ¢ ¢« s o s ¢ o o o o o 45
Added external primary circuit resistance, Rp', ohms . . . . 70
Time constant, Ty, s€c « o « ¢ o ¢ v 0 v 0o 0 00w e e e 1.0

Detector (d-c. amplifier and direct-writing recorder combination)

Input impedance, Rg, ohms . . « & ¢ o ¢ ¢ ¢ o s o o o+ o o o & 9x108
Sensitivity, S5, millivolts/mm deflection . . . . . . . . . . 1.0
Cub-off frequency, CPS « « « « o« o s o o a o o s o s o o o o = 90
Sensibility, 0g, millivolts (corresponding to 0.5 mm

deflection) « v v v v e e e e s s e e e e e e e e e e e s 0.5

The circuit required to provide reference-junction compensation
for the thermocouple is shown in figure 18(c) (reference 9). If the
primary element were a temperature-sensitive resistor, for example
a straight length of wire with current and potential leads, a circuit
such as shown in figure 18(d) could be used. This circuit, based on the
multiple-bridge circuit analysis of reference 10, is designed to use a
0.02-ohm thermometer element (for example, a 0.,008-in, diameter platinum
wire, 0.25 in. long) to provide the same values of R} and Q as the
thermocouple, and to limit to less than 2 percent the errors caused by
changes in thermometer-element lead resistances as high as 1 ohm.

2388
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Figure 18(e) indicates the computed frequency response characteris-
tics for operation both at the design point (T = T,) and at off-

design points. At the design point, the upper freqﬁéncy limit is
7 cycles per second (w, = 45) and is determined by the value

T1/F = T1/(N+1) rather than by the cut-off frequency of the recorder.

The experimentally determined responses to a step change and to an
input of arbitrary shape are shown in figures 18(f) and 18(g), respec-
tively, for the same ratios TI/T4 as covered in figure 18(e). The

analog circuit of figure 17(d) was used to simulate the thermocouple.

Thus, the original 1.0-second time constant of the primary element
is reduced by a factor of 46 to a value of approximately 0.02 second.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, January 4, 1952
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APPENDIX A

SYMBOLS
The following symbols are used in this report:

Aje attenuation at zero frequency

By coefficient of term in Fourier expansion of voltage signal
representative of temperature

C capacitance

c coﬁstant

E rms value of voltage

E amplitude of voltage sine wave

e instantaneous value of voltage

F frequency response improvement factor

£ frequency

G gain factor

g transconductance, output current per unit input emf
i instantanecus value of current

b V-1

o

L self-inductance
M mutual inductance
N transformer turns ratio
n nunber of term in Fourier expansion
symbolic operator d/dt
Q emf per unit temperature change (= thermoelectric power, for a

thermocouple)

R resistance

2388
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Bd.c

T1,7o

resistance ratio (RC+R)/R or (Rp+R)/Ry,

sensitivity, detector ‘deflection per unit input
temperature

sinusoidal amplitude of impressed temperature variation
sinusoidal amplitude of primary element temperature indication
time

time lag

reactance of capacitor

transfer function

output-input sinusoidal voltage ratio for a system having a
transfer function Y(p)

constant in expression for F of transformer-type compensator

feedback factor

" d-c., feedback factor

constants in expression for F of transformer-type compensator

sensibility (minimum detectable signal)
base of natural logarithms

phase lag angle of impressed sine wave

voltage gain

signal-to-noise ratio
time constant
phase lag angle

angular frequency
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Subscripts:

3

b

34

low-frequency cut-off
high-frequency cut-off
noise

transformer primary
reference temperature
transformer secondary
load

source

' temperature being measured

primary element
transformer- preamplifier
amplifier

compensator

detector

amplifier-compensator combination

NACA TN 2703

98¢
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APPENDIX B

TRANSFER FUNCTION OF TRANSFORMER

The transfer function of a transformer will be derived for those
conditions that are pertinent to its applications as a preamplifier and
as a compensator, as treated in this report. It is then possible to
neglect the hysteresis and eddy current losses and the capacitances that
ordinarily become important at higher power levels and higher frequen-
cies. The elements that primarily enter .into transformer performance
as pertinent to this report are shown in figure 14(a), which shows a
transformer connected to a source resistance Ry and a load resist-
ance Rj.

The following differential equations hold:

eq = (Ry+Ry+L1p)iy + Mpip (B1)

and

O
I

(Rg+Rp+Lpp)is + Mpiq (B2)

The trausfer function Yo(p) of the transformer will be defined as

the ratio of the voltage across the load resistance to the open-circuit
emf of the source. The definition of Y,(p) thus includes the effects

of the potential drops due to current flow through the source and
through the transformer secondary. The following transfer function is
obtained from the simultaneous solution of equations (Bl) and (B2):

€2 MR)p
1 (RS+R7\)(R1+RP)+[(RS+R}\)L1+(R1+RP)L21p+(LlL2-M )p
(B3a)
where
Equation (B3a) yields the frequency response function
JOMRy
Yo(Jw) = (B4)

(Rg+Ry) (R+Ry, ) +30 [ (RgRy) Ly +(Ry +Ry ) L] -2 ( LyLo-M2)
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It 1s sufficient for the present analysis to assume

M2 = Lle and
N2 = LZ/L]_. Then equation (B3a) becomes

(1/052,a)P

Yg,(P) = Ho m (B3b)

where

1 Iy Ryt
= <1+N2 L
®2,8 1 :

Ry+R, Rg Ry, (B52)
N
1+ ﬁ— + Nz —'—‘R—"
A A

The value of IYz(jw)I in the region of flat frequency response

is do and will be termed the "gain" of the transformer.

The angular frequency 2,8 is the point at which |Y2(j(b)| = uz/ﬁ
and will be termed the "low-frequency cut-off" of the transformer.

If Ry >> Ry, equation (BSb) becomes

by W (B6)

Thus, if R}\ >> Ry, the voltage gain is approximately equal to N/ 2 if

R>\/ (R1+Rp) = N2, and the voltage gain approaches N as R)/ (R1+Rp)
becomes much larger than N2.

2388
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APPENDIX C

TRANSFER FUNCTION OF TRANSFORMER-TYPE COMPENSATOR

When the transformer is connected to a source of resistance Rj
and a load of resistance RA as shown in figure 14(b), the following
‘differential equations hold:

il = ip 4 iz (Cl)
e] = Ryiy + (RP+RP')3'_P + Inpip - Mpijp (c2)

From the simultaneous solution of these equations, the following trans-
fer function is obtained:

e Gey (1 + T,p)
2 34 4
Y54:(P) = T > (043)
1 1+ (1,/Fg)p + Y,p
where
ep = 1Ry (C4p)
L1+M (04: )
4 = IR c
RP+RP' ‘
R R Ry |t
1 s 1
Gzy = <l+————><1+——>+—J (cad)
54 [ RptRp" Ry /" By
P = (N+l)(a&l; (Cae)
l+YlN+YZN
Ry  RgtRy
(c4f)

@ = RytRp' Ri+RgtR),
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2Ry

V1 = RFRR,

(C4g)
t
¥, = m (C4n)
2 R1+RS+R>\
= ElEE:%E : (c4i)
RpRGz4

Equation (C4a) can be expressed in terms of frequency as

V3

Gy (14+50T4)
. 34 4
Y34( Jw) =

(cs)

It is sufficient for the present analysis to assume M2 = LjLy and
N = LZ/Ll' Then equations (C4a) and (C5) become

1l4+T,p
4
Y54:(P) id

s T3 Ty/Fza)P (céa)

Yz, (Jw) = G : C7
34
34 l+J®T47F34
If the source and load resistances are assumed to be zero and infinite,
respectively, the value of T, 1is unchanged while the values of G
and F Tecome

Fzg =N+ 1 (c8b)
The transfer function then becomes
1+ T4:P
Y34(P) = ——T'" (CSb)
L+FTP

In the case of the transformer-type compensator that uses two pri-
mary elements, as shown in figure lé(c), the transfer function is also

given by eguation (cBa), but there are slight changes in the values of
T4:, G34:, and F54::

88¢32
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L+4M

T, =5 "5 o 1 (C9a)
4 R1+RP+RP

R\

G54 = R 7y (cop)

N+l

L N2(Ry+R+Ry")

R1+R S+R7\

F34: = (C9C)

In the idealized case Rp = O and Ry = o equations (c9a), (c9b),
and (C9c) become, respectively,

L 1+M

Ty = 5T (C10a)
Rp+Rp'

Gzy = 1 (C10b)

Fzgy =N + 1 (C10c)

and the transfer function remains as given by equation (C6b).

REFERENCES

1. Dryden, H. L., and Kuethe, A. M,: The Measurement of Fluctuations
of Air Speed by the Hot-Wire Anemometer. NACA Rep. 320, 1929,

2. Ziegler, M.: The Construction of a Hot Wire Anemometer with Linear
Scale and Negligible lLag. Verhandelingen d. Koninklijke Akademie
v. Wetenschappen (Amsterdam), vol. XV, no. 1, 1934.

3. Kovasznay, Laszlo: Calibration and Measurement in Turbulence Research
by the Hot-Wire Method. NACA TM 1130, 1947.

4, Scadron, Marvin D., and Warshawsky, Isidore: ZExperimental Determina-~
tion of Time Constants and Nusselt Numbers for Bare-Wire Thermo-
couples in High-Velocity Air Streams and Analytic Approximation of
Conduction and Radiation Errors. NACA TN 2599, 1952,

5. Bush, Vannevar: Operational Circuit Analysis. John Wiley & Sons,
Inc., 1937.



38 : NACA TN 2703

6. Carson, John R.: Electric Circuit Theory and Operational Calculus.
McGraw-Hill Book Co., Inc., 1926.

7. James, Hubert M., Nichols, Nathaniel B., and Phillips, Ralph S.:
Theory of Servomechanisms. McGraw-Hill Book Co., 1947,

8. Terman, Frederick Emmons: Radioc Engineering. McGraw-Hill Book Co.,
Inc., 1937.

9. Eckman, Donald P.: Industrial Instrumentation. John Wiley & Sons,
Inc., 1950. ' .

10. Warshawsky, Isidore: A Multiple Bridge for Elimination of Contact-
Resistance Errors in Resistance Strain-Gage Measurements. NACA
TN 1031, 1946,

2388



6G

2388

NACA TN 2703 39
TABLE I - EFFECT OF LOADING ON RC AND RI COMPENSATORS
Compensator Rg =0 Ry =0 R7\ = oo General case
R7\ = ©o
Value of l/G4
R R Ra4R Ra+ R
C ~C C"™o C o
RC R + 1 (R.'R}\) + 1 R + 1 FR*?\) + 1
R+R R4R 5,
R R R+RO’ R+RO'
RL =+ 1 + 1 + 1 | e + 1
Ry, RLRA RL. RIR A >
R +R, RL4R)
Value of F
R R R R
C C C C
-+ 1 + 1 + 1 + 1 -
RC R (RRA > RtRg AL
Ry, RRy  ©
R .4 (BB RR; (R+R4)R),
RL R1, R+Ry\ ) Rp, (R+Rg)+R)
+ e 1
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TABLE II - MINIMUM AMPLITUDE OF TEMPERATURE VARTATION THAT

CAN BE MEASURED BECAUSE OF NOISE LIMITATION AT SIGNAL-

TO-NOISE RATIO

o, EQUAL TO 3

|

Frequency Noise Trans- Signal TO,min for
response EZ,N former sensi- chromel -
improve- (micro- gain bility alumel
ment factor volts) M2 Eo,min thermo-
F (micro- couple
volts) (OF)
10 10 100 3 0.1
10 10 30 10
10 100 100 30 1
10 100 30 100 )
100 10 100 30 1
100 10 30 100 5)
100 100 100 300 14
100 100 30 1,000 45
1,000 10 100 300 14
1,000 10 30 1,000 45
1,000 100 100 3,000 140
1,000 100 30 10,000 450
10,000 10 100 3,000 140
10,000 10 30 10,000 450

Lo |

(el
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TABLE III - CHARACTERISTICS OF TRANSFORMERS USED IN REPRESENTATIVE

TRANSFORMER-TYPE COMPENSATORS

“!ﬂgﬂ!"’

Compensator typé UTC/A 27 |[UTC/LS 39 |ADC/AX 3270
Nominal® primary impedance, chms 50 50 1
Primary inductance, L,, henries 1.2 1.6 0.8
D-c. resistance of primary, Rp, 9.5 5.5 0.16
~ ohms :
Nominal® secondary impedance, ohms 100,000 | 100,000 1000
D-c. resistance of secondary, Rg, 3000 7000 110
ohms
Turns ratio, N 45 45 32
.Nominaib low-frequency cut-off point, 30 20 0.2
cps
Nominalb high-frequency cut-off, cps 20,000 20,000 20
Weight, 1b 0.5 3 13

@Manufacturer's stated value.

bManufacturer's stated value for 2 decibels change in gain.

41
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‘TABLE IV - BFFECT OF CONNECTING TRANSFORMER-TYPE COMPENSATOR WITH SINGLE PRIMARY ELEMENT TO

PRIMARY ELEMENT RESISTANCE R;

(b) Type UTC/IS 39

AND TO LOAD RESISTANCE Rj; - Continued

2388

R Ry Tys SEC
(megohms) |(obms) 14 10 3 1 0.3 0.1
RP" ohms
o] 2 19 69 249 735
Foa| Gza| B34 |Fag| Caa| 8sg |z Oza| 83 |Fzg| Cmg B3 34| O3a| Bz 34| C3a| B
: (micromhos) (micromhos) (micromhos) (micromhos) (micromhos) (micromhos
1 55{0.84 0.08 52 10.88 0.10 4810.96 0.10 460.99 0.10 4411.0 0.10 40 (1.0 0.10
10 3 721 .64 .06 65| .71 .07 52| .90 .09 47| .96 .10 44| .99 .10 401{1.0 .10
10 133 | .34 .03 108 | .43 .04 64| .72 .07 51! .88 .09 46| .96 .10 4011.0 .10
1 54|0.83 0.83 511]0.88 0.88 46 10.95 0.95 4010.98 0.98 31(0.99 0.99 1810.99 0.99
1 3 71| .63 .63 62| 71 .71 49| .89 .89 41| .95 .95 31 .98 .98 18 98 .98
10 129| .33 .33 102 | .43 43 60| .71 .71 45| .87 .87 32| .95 .95 18| .98 .98
1 49(0.78 7.8 4510.82 8.2 32 (0.90 9.0 19 10.93 9.3 810.93 9.3 3|0.92 9.2
0.1 3 62| .60 6.0 54| .66 6.6 34| .83 8.3 20| .90 9.0 8] .92 9.2 3| .92 9.2
10 103 | .32 3.2 81| .40 4.0 37| .67 6.7 20| .82 8.2 8| .90 9.0 3| .92 9.2
1 31]0.49 49 26 |0.52 52 12 |0.56 56 510.59 59 210.59 59
0.01 3 35| .38 38 29| .42 42 12| .52 52 51 .57 57 2| .58 58
10 47| .20 20 35| .25 25 13| .42 42 5| .52 52 21 .56 56
1 21(0.10 100 17 {0.11 110 61]0.12 120 210.12 120
0.001 3 22| .08 80 21 .09 90 7] .11 110 2| .12 120
10 28] .04 40 20| .05 50 7] .09 90 21 .11 110

¢0L2 NL VOVN

54



TABLE IV - EFFECT OF CONNECTING TRANSFORMER-TYPE COMPENSATOR WITH SINGLE PRIMARY ELEMENT TO

PRIMARY ELEMENT RESISTANCE R, AND TO LOAD RESISTANCE Rj) - Concluded

(¢) Type ADC/AX 3270

R>\ Rl 1'4, sec
ohms ohms
(megohms) |(otms) 160 30 10 I 3 1 l 0.3
Rp', ohms
0 0.7 2.5 8.8 26 88
Fzg| G3s 83z  [Fzy| g 83 |Fza| Gma 834 |Fza| Gz 8z  |Fza| Gzg 824 [Fz4| Gz 34
(micromhos (micromhos (micromhos ) (micromhos) (micromhos ) (micromhos )
. 0.1 | s3lo.62| 0.08 37/0.90 o.09 | 34l0.96 0.10 | 33/0.99 0.10 | 33]0.99 0.10 | 33|1.00 0.10
10 1 |240] .14 .01 70| .47 .05 | 48| .72 .07 | 37] .90 .90 | 34| .96 .10 | 33| .99 .10
10 1410] .08| .01 {ie0]| .21 02 | 71| .47 .05 | 45| .73 .07 |38 .90 .09
0.1 | s3j0.62| o0.62 370.90 0.90 | 34{0.96 0.96 | 33/0.99 0.99 | 32 1.00 1.00 | 30|1.00 1.00
1 1 |e40| .14 14 70| .47 .47 | 48| .72 .72 | 38 .90 .90 | 33| .96 .96 | 30| .99 .99
10 110| .08 .08 |1s0! .21 .21 | e8| .47 47 | 43| .73 .73 | 34| .90 .90
0.1 | 53l0.62| 6.2 37/0.90 9.0 32]0.96 9.6 310.99 9.9 26 (1.00| 10 18(1.00| 10
0.1 | 1 |[230| .14] 1.4 70| .47 4.7 1| .72 7.2 33| .90 9.0 27| .96 9.6 18| .99 5.9
10 360| .08 .8 |uol .21 2.1 58 .47 4.7 33| .73 7.3 19| .90 9.0
0.1 | 52/0.61 | 61 35[0.90 | 90 27(0.95 | 95 17]0.98 | 98 9l0.04 | o4 3]0.99 | 99
0.01| 1 |210| .14| 14 61| .47 | 47 33 .71 71 19| .89 &g 9l .95| 95 3| 98| 98
10 2001 .08 8 70| 21| 21 25| 47| 47 10 .72 72 30 .89 | 89
0.1 | 42]0.56 | 560 29 (0.81 | 810 9lo.e7 | 870 4o.87 | 870
0.001 1 |110] .13 | 130 32 .43 | 430 10| .65 | 650 4| .65 | 850
10 36| .07| 70 12| .19 | 190 41 .19 | 190

(44
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TABLE V - EFFECT OF CONNECTING TRANSFORMER-TYPE COMPENSATOR WITH
TWO PRIMARY ELEMENTS TO PRIMARY ELEMENT RESISTANCE Ry AND

LOAD RESISTANCE R - Continued

(b) Type UTC/LS 39
R?\ Rl 74:, sec G-54= 834
(megohms) | (ohms) [ 11.2 10 3.0 1.0 | 0.3 0.1 (micromhos)
Rp'|Fz4|Rp' |Faa|Rp' (F34|Rp' |Faa|Rp' |[Faa|Bp' |Fza
1 | 0 | 46|1.0| 46| 23| 46| 73| 46|242| 44739 | 40
10 3 21| 46| 71| 461|240 44|737| 20|1.0 0.1
10 14| 46| 64| 46233 | 44|730| 40
1 | o | 45|1.0| 45| 23| 44| 73| 40|242] 31|739| 19
1 3 21| 44| 71| 40240 31|737| 19}1.0 1.0
10 14| 44| 64| 40233 | 31|730| 19
1 |0 | 41]1.0| 40| 23| 32| 73| 19|242| 8|739| 3
0.1 3 21| 32| 71| 19(240| 8|737| 3|0.93 = 9.3
10 14| 32| 64| 19233 | 8(730| 3
1 |0 | 26|1.0| 25| 23| 12| 73| 5|242| 2
0.01 3 211 12| 71| 5|240| 2 0.59 59
10 14| 12| 64| 5233| 2
1 |o | 18[r.0l 18] 23| 8| 73| 2
0.001 3 21| 6| 71| 2 0.12 120
10 _ 14| 6| 64| 2

¢0Lg NI VOVN

[eleled~



2388
TABIE V - EFFECT OF CONNECTING TRANSFORMER-TYPE COMPENSATOR WITH
TWO PRIMARY ELEMENTS TO PRIMARY ELEMENT RESISTANCE R; AND
LOAD RESISTANCE R - Concluded
(¢) Type ADC/AX 3270 R
R-)\ Rl 74:, sec G54: g34
(megohms) | (ohms)| 98 30 10 3.0 1.0 0.3 (micromhos)
Rp'|Faa| Bp' |Fa4|Bp'|F3a|Rp'|F3a| Bp' [Faa|Bp'|F34
0.1 | o | 33|0.88| 33|2.5| 33|8.4| 33|26.3| 33| 88| 33
10 1.0 1.6| 33|7.5| 33|25.4| 33| 87| 33| 1.0 0.1
10 16.4| 33| 78| 33
0.1 | o | 33/0.88| 33|2.5| 33!8.4| 33|26.3| 32| 88| 30
1 1.0 1.6 33/7.5| 33]25.4| 32| 87| 30| 1.0 1.0
10 ' 16.4| 32| 78| 30
0.1 | 0 | 33/0.88| 33|2.5| 32!8.4| 30(26.3| 23| 88| 18
0.1 1.0 1.6| 32(7.5] 30|25.4| 23| 87| 18] 1.0 10
10 16.4| 23| 78] 18
0.1 10 | 32]0.88] 20|2.5| 26/8.4| 18|26.3| 9! 88} 3|
0.01L 1.0 1.6 26|7.5| 18|25.4| 9| 87| 3|0.99 99
10 16.4| 9| 78| 3
0.1 | 0 | 26/0.88] 18(2.5| 9(8.4| 4[26.3| 1
0.001 | 1.0 : 1.6 9|7.5, 4l25.4| 1 0.89 890
16.4| 1

O,
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TABLE VI ~ SUMMARY OF COMPENSATING ELEMENTS .n&a

PRIMARY ELEMENTS TRANSFORMER AMPLIFIERS i COMPENSATORS
N T Negatlive feed- RC Type RL type Différen- Transformer- Transformer—
Component | Thermocouple | Resistance D-e., no D-c., high- A-c., low- | pack, with com- tlating type, single type, double
thermometer iﬁz;ugﬁchigh' -;‘i:q\c:i?cy giq\;?‘?cy pensating net- type element element
¥ - - X
cut-offs j o
i ¢ R ¢ Rp+Ry!
[ —
: ” e ot e o <+ o+ ! ? L R Bp+Bp" "
3 E e o
otes o +e o e ot I F
: T Ty m RAC 7, = L/R, T,' = RC L L
4 4 ¢! 4 L 4 1 1
" = (N4 -
Dgsign . L ©2,2 b [ 3 by r = (Ro/R)+1 e =R | gy w ry Ty = (N41) TrgT| Ta (41} 7T
constant. e o, wz b ©3,a 4 *
1 2,b , ’ Bae Fy=r Fy =7 Fzy = N+l Fgq = N1
G, = 1/ -1 = =
uN A g = 1/ Gy = I/r gy = 1 Ggq = 1
e 2 34 34
ko =alTo-13) | Bo= a(To-Tg]] = 1-Baeis ]
(a) (a) (a) (a) (a)
TP 1+1,p 1 TP Ty'P 14T ,P 1+7,p
Tranafer (1/4 ) wa(lf0, )p G +Ty 4 P Rl P 4
1 1 o )P 1 3 3,8 Vg4 P3Oz Yy Y4= orp 34 D Y34 =
function = Y= Ypmpp mmmee——— A Yx = p Yymhy 1 Yz = = T4P T r T +7'P Ty
1= T w5 T, 0 L ]| BT | TR | ST TR e e {2 1 4o v 1122
Frequency (2) (2) (a) (a) (a)
response @z, b
®p,a W2,p | |
T | | :
| =
| ! i : s S|y |
1 | | -
1 i -
L 1o ———k Lo-————— 1.0p —— empe - lg-—p——— | 2 1.9 1.9
1 o 1 B | A 4 DA
3z 3 | ! 3 3 | 3| ! 2 2
2 Gl | 3 S| i S het 1 =
Z Z | Z Z 2
5 Sl | iz £ I 2 | Bl L 2l
[ry— W —— ) —— 0 —— i W—
i
Lower . i ]
. 1imit of o ° 035 . 0 o ' 03,5 /74 /7 ! /7 o /T 174
frequency H |
range |
Upper : .
1imit of 1 1 0y, - w3, - Fya/7s v/ry /1y Ty (w1)/7y (8e1)/7,
freguency
range i . i (2) (a) (2) (a) (a)
@For conditlons of negligible source resistance and load admittance.
3 F ' . - *

- L N ) . = lalieniaiyi

8%
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TABLE VII - SUMMARY OF COMPENSATING SYSTEMS
[For condition 7, = 1]

2388

Primary element

Primary element and
transformer-type
compensator

Double primary ele-
ment and trans-
former-type compen-
sator

Primary element, RC
or RL type compen-
sator, and d-c.
amplifier

Primary element,
transformer, RC or
RL type compensator,
and amplifier with
low-frequency cut-~
off

(normal order)

Primary element,
transformer, RC or
RL type compen-
sator, and ampli-
fler with low-
frequency cut-
off

(inverted order)

Primary element
and negative feed-
back amplifier
with compensating
network in feed-
back loop

=

< I“slmﬁ
—J

O

N 54 4

—o
b3

i Yau¥y = — L ¥ ¥a¥y = usGy — Y, Vv v m G, o2ia P58 1 Iy y o gge gl
You¥p = P 34¥1 = TP ALY MG g Yats o1 T hekst Tt Teph, T, 41T HS TP
s A =4
1+ T 14 =T 1+ T ’ 1+F4 Fza
|
a
! ) t i,_. =) G=otGy |
5 ] % g o
3;1/14 (1), |3 Cr(Nel) /T, 3 GmiigGy Fu/Ty 3 5 GmusG, Fz,/Ty
g% - 3 Kl E
| 1y 1 IG = 1 : } 1 1 I |
! | | | | \
i | [ 11/74 17 R/7y [
= ) I i I I I I I
| I | | I | |
I 1 1 1 L
W —— (R [ W
Low-frequency None None None None
High-frequency (N+1) /7, (N+1) /74 Fy/74 Fy/Ty Fx4/74
(a) (2)
Minimum lnput o} 0 <Ep, /G4 <Ep /holy Ep w/uoGy Ep n/G3a

8por condition of negligible primary element resistance

and load admittance.

¢0L2 NL VOVN
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NACA TN 2703

TABLE VIII - EFFECT OF AMBIENT TEMPERATURE ON D-C. OUTPUT

OF TRANSFORMER-TYPE COMPENSATOR

“NACA

(a) Type UTC/A 27

Ty
R1 3.0 1.0 0.3 0.1
(ohms) | Percentage error for 100° F temperature change
0.3 0.2 0.02 0.00 0.00
1.0 .6 .07 .01 .00
3.0 1.5 . 2 .02 .00
10 3.8 .7 .06 .00
(b) Type UTC/LS 39
T4
Ry 10 3.0 1.0 0.3 0.1
(ohms) Percentage error for 100° F temperature change
0.3 0.6 0.06 0.00 0.00 0.00
1.0 1.9 .2 .02 .00 .00
3.0 4.6 .6 .06 .01 .00
10 9.3 1.4 .2 .02 .00
(c) Type ADC/AX 3270
T4
R1 20 [ 10 i 3 [ 1 [ 0.3
(ohms ) Percentége error for lOOO F temperature change
0.3 0.9 0.1 0.01 0.00 0.00
1.0 1.9 .4 .04 .00 .00
3.0 2.7 .7 .1 .01 .00
10 3.2 1.2 .2 .04 .00

72388
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NACA TN 2703
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Amplitude change ratio, ATl/ATO

NACA TN 2703

1.0
| "1
L
//
/ -
.8 e
-t

//ATl/ATO =1-¢ /1
.6 //
.4 //
.2 ///
0 T 2Ty 3Ty 474 5Ty 6Ty

(a) Time history of response to step change.

I I |
Gas temperature, Tp
| 1
~ Primary élement temperature, Tl
= =T
o L _ ///////
= / Ty | ‘/
s L7 \\ é/
% Time lag S~
H
)
) |
o
E-
I
7 31 51
0 <§>%D 7/w (3r>%b 21 /o <7?>/w 3nfw

Time, t
(b) Time history of response to sinusoidal variation.

Figure 1. - Response of primary element.
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NACA TN 2703

1 T t
— NACA .
\\ -
\\
N,
N
1o N
E: N
~ Wl
I N
N AN
3
RE) N
8 <
()
s .01 <
— AN
[ol AN
g
<t
\\
\\\
N
N
.001
(¢) Frequency-response relation; amplitude ratio.
100 T
\\\ 1
N
\\ L
% 80 A .87
3 \ % *
& \
d.; 60 /\\ 0671
4
g 7 TN
® / N\ '
w 40 N 47y
o | a
— /
7Ty Y
a )4 N
g 20 7 N 27T
P v N
~
0 _.-—4—'/ \‘\'\\ 0]
.Ol/‘Tl .l/'l'l l/Tl 10/1'1 lOO/Tl 1000/1'1

Angular frequency, ®
(d) Frequency-response relatlion; phase and time lag.

Figure 1. - Concluded. Response of primary element.,
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1 1+ T4p
L) = T
T4 = ReC
r = Rg/R + 1
R
o AN A
Ry, Y (p) = L = ¥ 4P
. rl+ (T 7r5p
4
I T4 = L/Ry,
r =R/Rp, + 1
fo
(b) RL type.
o
L+ Typb
Y =&
54(P) ) TAP
T
T, = (N+1) Ll/Rp
—0
(c) Transformer type.

Figure 2. - Basic compensator networks and their transfer functions.
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1.0}—
|
- |
3 i
= I
- 1/1‘ | I
| |
I |
1 |
/7, r/1,
(a) value of |Y(ju))| as function of frequency
for RC and RL compensators. (Log-log scale.)
N+l —
1.0
E
E

|
|
I
|
I
|
|
|
|
|
|
I
|

Yty (g
Angular frequency, w

(e) value of |Y(jw)l as function of frequency for
transformer-type compensator. (Log-log scale.)

Figure 2. - Concluded. Basic compensator networks
and their transfer functions.
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—1 o L * ® . —i o
€9 p41 e Y2 ea p& ez
——1—o . 'y . ) -1 —e

e, =Y e, =Y

3 385 =Y Y Y e

z¥p8; = Ya¥oY e,

(a) Cascaded system.

Y2,1 ®2,1
— L.
€1 €2
o e
¥a,2 €2,2

o o
a4

ep =ep 1 +tep = (Y1 +Y¥p2) €1 = Yoo

(b) Additive system.

-¢ Y > ® Y, °
- = TP
L l+Tlp [ ® ®
r— Y
ey €2
®- ——®

p§1
-1

A 1+11P ¢ “ _ .: lll': -

epfeg = Y1 + Y1¥y =1

(c) Example of combined cascaded and additive systems.

Figure 3. - Transfer function composition for linear systems.
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Network

Gas temperature

Primary element

Transformer

Amplifier

Compensator

Detector

HR

-64»

e d

®2 .8
®2.b

K3

®3 g
w3 b
Bz n

57

Performance parameters

ey = ATy - Tg)

time constant
enf per unit temperature change

ey = Q(Ty - Tg)

turns ratio
low-frequency cut-off point

high-frequency cut-off point

amplification factor
low-frequency cut-off polnt
high-frequency cut-off point
equivalent rms input noise

time constant
response improvement factor

gain factor

sensibility

sensitivity

Figure 4. - Typical block diasgram for definition of terminology.



Amplitude ratio, E4/EO = ~Y4(jm) Yl(wa

T TIT11

- ~NAGA -
1 1 (uncompensated)
\‘
N
3.3 N
\
10 N
1 =
N\
N
A\
33 AN
T — N
\\
\§§
- 100 \
'~;\\
SO
N
-
N
N
N
\\
.001 1
.01/ T, /7, /7 . 10/74 100/, 1000/,

Angular frequency, ®

(a) Frequency-response relation; amplitude ratio.

Figure 5. - Response of primary element with RC or RL compensator. Primary element

resistance and compensator load sdmittance assumed negligible.

T4 = Tl-

- 88%YZ
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Phase lag angle, ¢, deg

2388

100 Ty/r
N
N //’ _
80 7 .8T4/r
\ ./
60 > BTy/r P
\ 3
o
7\ | :
Q
40 / .4:T4/I‘ ﬁ
=
\
z0 -1 \\ tan™1 (wT4/r) 2Ty/r
tan”" (wT,/T) /] \{ 4
’/”’/ \4‘
0] 1] ‘LL—-* 0
.01/ (T4/7) 1/ (14/7) 1/(T4/r) 10/(T4/7) 100/ (T4/7) 1000/ (T 4/r)
Angular freguency, ® :
(b) Frequency-response relation; phase lag and time lag. ‘
Figure 5. - Continued. Response of primary element with RC or RL compensator. Pri-
mary element resistance and compensator load admlttance assumed negligible.
T, = T,.
4~ 1
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(a) RC compensator.

(b) RL compensator.

Figure 6. - RC and RL compensators
connected to source and load.
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Network

Primary element

Amplifier

Compensator

Detector

€0

—
..—-—

€4

M3

Lz g,
©3,b
Eo,w

NACA TN 2703

Performance parameters

time constant

emf per unit temperature change

amplification factor
low-frequency cut-off point
high-frequency cut-off point

equivalent rms input noise

time constant
response improvement factor

gain factor

sensibility ‘

sensitivity

Figure 7. - RC or RL compensating system using amplifier.
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2388

— 3Gy ;
3 S MR
N - N
abr AN
33 NHEAN
Bl N
$-4>‘k0 \\
O~ .1 .
g3 e RESIhEN
e AN
s P A
2 — 3 .
- N\ NN
o
[19) \
\qx \ N
I -01LL3G4
(a) Frequency-response relation; amplitude ratlo.
200 | T TTTIT T [T T T T T([T27 /%
N — — No high-frequency cut-off
180 NSRRIl Wz, p = 10Fy/Ty e,
—-——W3,p = Fg/Ty ] HH
P -
160 i - 1.67,/F,
4
\ /
4 ,
0 140 } 7 7 1.4 /F,
T \ /
& 120 : 7 .21, /F,
3“ ___.___.__l__\\\ \\ // P
%g 100 ~LT 7 y 1.07,/F,
™N
N - AY / { =t
= NN /1 1] L
g 80 RN A oy - 87, /F,
2 NI
A\ L/
g 60 Ny / 6T/,
Q—l 1/
40 >\7‘> % 4T, /F,
1 I N
20 ZREINY .2
,;;/// g \\\\\% 4 K&
|t ‘;::- :ED:: M
o) - HE Ry 0
«001F, A , WO1F, /7, S1F 1F, /T, 108, /T, 100F, /7,

Angular frequency, ®
(b) Frequency-response relation; phase and time lag.

Flgure 8. - Response of RC or RL compensating system using amplifier with
high-frequency cut-off. Ty = 71.

Time lag, t*



Amplitude ratio, Aey/Aeg

y. —_— W = F, /T
/ K 5,0 = Fa/Ts
/ /
[ .

"ﬂ_,TT:"‘—b_ L -
//’ _— L]
Vs
/// ¢/
/ sid ~
/ L4
y /
- A4
// ’
A '1/ /
v ,// -~ No high-frequency cut-off
/ / —————— ws )y = 10F47 T4 ’
/ _

[ // .
7, NACA
s |
Ty/Fy 27, /Fy 374 /Fy AT, /Ry 574 /Fa 674/Fy
Time, t
(c) Time history of response to step change.
Figure 8. - Concluded. Response of RC or RL compensating system using

amplifier with high-frequency cut-off. T, = Tq.
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Amplitude ratilo,
fry(30) Yz(J0) Y1 (J0)

.0

Phase lag angle, @, deg

65
U'SGA = — = T
L -~
I' A \‘
d N
i N
Y ,/ N
i ’ et \\\
112G h|
Rty =
AN
4 \s
N
Ve
N
N
1LL5G4
(a) Frequency-response relation; amplitude ratio.
100 T T TTTIN T T T T T 1T]
e — .. No low-frequency cut-off L
_______ ©3,a = 0.001 Fy/T4 —T"T]
80_ —— ws’a = O.OlF4:/T4__ /
 ————®3 5 = 0.1F4/T4 77
60 //”
4
40 7
/]
g
20 ,/ e
4
A
L
0 el ‘/ ,1
bt = I d '/
—
47 ’ z/
-20
/ / 1
/, / +
-40 ,
e /
Vi Y
-60 4 L
1 /
7
-80 i pad
e
~100 L1 1111

.001F4/'r4 .01F4/'r4 .1F4/'r4 F4/T4 10F4_/T4 lOOF4/T4
Angular frequency, ©

(b) Frequency-response relations; phase lag angle.

Figure 9. - Response of RC or RL compensating system using amplifier with
low-frequency cut-off. T, = T;.
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l.Ou5G4
//
/- T
7 e No low-frequency cut-off
<Buzly // _____ Wz 5 = 0.01Fy/Ty4 .
/ — W3 5 = 0.1Fy/Ty
/ I N
,// ™~

'GuSG‘L 1
/ ,/ ~L

Amplitude change ratioc, Ae,/Aeg

.4:}.1.3(}4: ~d
A -0z ot -Fut/Ty
s = Usy Srp
Aeq -0z alTa/Fy

0 2T,/Fy  4Ty/Fy 674/Fy  8Ty/Fy 10T4/Fy
Time, t©

(¢) Time history of response to step change.
1 O(T 4 /Ry )

1.0u3G
304 _—

.6M3G4: 6(T4/F4)

AlzGy “ 4(1y/Fy)

.2uz0y A1 2(74/Fy)

Maximum amplitude ratio, Aey pmay/Aeq
Time to reach maximum value

0 . 0

1 10 100 1000

Ratio of upper frequency limit to low-
frequency cut-off, Fy/(T 403 ;)

(d) Maximum value reached and time to reach
maximum value 1n response to step change.

Figure 9. - Concluded. Response of RC or RL compensat-
ing system using amplifier with low-frequency cut-off.
T, = T :
4 1
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Network Performance parameters

O_

. T, time constant
Primary element

e Q emf per unit temperature change
T“e175R,
0] o T4  time constant
Compensator Fa response improvement factor
Q ? Ga4 gain factor
cprT+CFéjZ Hz amplification factor
€z wz o low-frequency cut-off point
Amplifier ’
0 wS,b high-frequency cut-off point
R533 E, y equivalent rms input noise
J
- A/ R
()<—e—-s() S
4 O sensibility
Detector

S5 sensitivity

“‘ﬂﬁ”"’

Figure 10. - Compensating system with positions of amplifier and
compensator interchanged.
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Network

Primary element

Transformer

Amplifier

Compensator

Detector

FPigure 11.
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NACA TN 2703

Performance parameters

time constant

emf per unit temperature change

turns ratio

low-frequency cut-off point
high-frequency cut-off point

amplification factor

low-frequency cut-off point
high-frequency cut-off point
equivalent rms input noise

time constant
response improvement factor
gain factor

sensibility
sensitivity

“!ﬁ‘;"’

- Compensating system using transformer as noise-free
preamplifier.
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=<yatching transformer YOutput transformer 1
N I
S N |
Q ! A !/| oTt -1
e | 1L_ "E i' ! €4
l o o —44
I ‘ |
i |
{__ Chopper A-c. amplifier Chopper Filter |
Primary element Chopper-type amplifier Compensator
(a) Chopper-type amplifier.
G =
A
? O O qF -0 O T A
Yy oeq Yo e, Yz eqf Yy 5t (eq+ey)
& o o o o o — e
Primery element Transformer Amplifier Compensator

9

€1

3

Primary element

(b) Addition of signal from second primary element.

Figure 12. - Techniques for maintaining d-c.

or a~c. amplifier is used.

response when transformer
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Amplifier

g

Bdc
Compensating network, p(p) = Trr,p
Figure 13. - Negative feedback amplifier with compensating

network in feedback loop; Bg., fraction of output vol-
tage €zy appearing across RF -at zero freguency; Ty

product of capacitance C and parallel resistance of
output and input resistances of compensating filter.
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— AN\ — Py
Ry s R — i
|
X
D @
o 1 Re e
Q | A c2

]
L Transformer

(2) Besic transformer circuit. Elements shown dashed may be neglected for
most compensator applications. The iron losses are represented by

1+T4p

T34 = ¢ T e

(b) One primsry element.

1+T4p

T34 = G T+(T4/F)p

(c) Two primary elements.

A

Figure 14. - Transformer and 1ts use as compensator.
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Amplitude ratio, |Y4(Jw) Yl(Jw”

NACA TN 2703
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Angular frequency, w
(a) Frequency-response relation; amplitude ratio.
Figure 15. - Effect of mismatch between primary element and compensator time

constants; F,G assumed equal to 1.
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o
pt 0
B
5
1.0
2

I

Time, t

(b) Time history of response to

step change.

Figure 15. - Concluded. Effect of mismatch between
primary element and compensator time constants;

F,G, assumed equal to 1.
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Network Performance parameters

Gas temperature

T, time constant
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(thermocouple) 3 Q emf per unit temperature change
e g
1
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Transformer low-frequency cut-off point
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R
3,2
0_/\/\}\-,1; pz amplification factor
O*ep Wz o low-frequency cut-off point
Amplifier Rz = ,8
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J
. €3 g EZ,N equivalent rms input noise
S T, time constant
Compensator Re F4 response improvement factor
) R G4 gain factor
Rg
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oscilloscope) 85 sensitivity

(a) Block diagram.

Figure 17 . - Compensated system for measurement of alternating
component of temperature.



Figure 17. - Continued.

(b) Representative arrangement of apparatus.

Ccmpensated system for measurement of alternating

camponent of temperature.
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(c) Frequency response relation; amplitude ratio.
Figure 17. - Continued. Compensated system for measurement of alternating

component of temperature.
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(d4) Electrical analog of thermocouple with
ad justable time constant.
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Figure 17. - Continued. Compensated system
for measurement of alternating component
of temperature.
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Figure 17. ~ Concluded. Compensated system for meas-

urement of alternating component of temperature.
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Performance parameters
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emnf per unit temperature change
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response lmprovement factor
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R
5
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Detector (dlrect le— e — 65 Sensibili.ty
coupled amplifier, 4
recorder) S5 sensitivity
(a) Block diagram.
Figure 18. - Compensated system for measurement of average value

as well as alternating component of temperature.
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(b) Representative arrangement of apparatus.

) @
Figure 18. - Continued. Compensated system for measurement of average value as well as alternating component of tempersture. Pt
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Figure 18. - Continued. Compensated system for measurement of average value
as well as alternating component of temperature.
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(e) Frequency-response relation; amplitude ratio.

Flgure 18. - Continued.

Compensated system for measurement of

average value as well as alternating component of  temperature.
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